The objective of the present work was a theo retical evaluation of pial arterial pressures in normoten sive rats and spontaneously hypertensive rats based on the geometry and topography of the pial arterial system as well as on various topological models of the vascular trees. Pial branches of the middle cerebral artery in the diameter range of 30-320 f,Lm were selectively visualized by corrosion compound, and the diameter and length of vascular segments were measured. The vessels were classified into branching orders by the methods of Hors field and Strahler. The steady-state pressure distribution in the pial arterial system was calculated assuming that the flow at the bifurcations was partitioned in proportion to a given power of the diameters of the daughter branches (diameter exponent). The maximum number of vascular segments along the longest branch varied be tween 16 and 33. The mean branching ratio was 4.14 ± 0.23 (SD). The mean diameter of vessels classified into Strahler orders 1-5 were: 50 ± 12,71 ± 19, 106 ± 22, 168 ± 22, and 191 ± 7 f,Lm, respectively. The calculated pressure drop in the pial trees of normotensive rats was approximately twice as large in proximal orders 3 and 4 than in distal orders 1 and 2. The mean pressure in ar teries of order 1 ranged from 54.4 to 58.4 mm Hg in the normotensive rat (input pressure: 83 mm Hg), and from 77.2 to 89.0 mm Hg in the spontaneously hypertensive rat (input pressure: 110 mm Hg). The coefficient of variation Werber AH, Heistad DD (1984) Effects of chronic hypertension and sympathetic nerves on the cerebral microvasculature of stroke-prone spontaneously hypertensive rats. Circ Res 55:286-294
of terminal pressures in vessels of order 1 increased lin early with the mean pressure drop in the system. The co efficient of variation in terminal pressure had a minimum as a function of the diameter exponent in case of each pial tree. At its minimum, it was higher in all spontane ously hypertensive rats (10.1-22.9%) than in any normo tensive rats (6.0-8.5%). The corresponding diameter ex ponents were in most cases lower in the spontaneously hypertensive rat (1.3-2.5) than in the normotensive rat (2.5-3.0). To pologically consistent models of the pial ar terial network predicted significantly less variation in in travascular pressures than was obtained by direct calcu lations. More idealized models suggested the dependence of coefficient of variation in terminal pressure on the total number of vascular segments contained by the tree. All models predicted the existence of the minimum of coeffi cient of variation in terminal pressure in function of the diameter exponent. From these, we conclude that (a) a hemodynamic configuration of the pial arterial system re sulting in the smallest variation in cerebral perfusion pressure may exist, and (b) the pial vascular structure of spontaneously hypertensive rat allows less homogeneous terminal pressure distribution than does that of normo tensive rats. Key Words: Cerebral hemodynamics-Au toregulation-Vascular topography-Pial microcircula tion-Spontaneously hypertensive rats-Cerebrovas cular disorders. average systemic arterial pressure (Shapiro et aI. , 1971 ), suggesting that normal blood supply of the cerebral cortex was established at spatially varying perfusion pressures. The extent to which the geom etry and topography of the pial arterial system de termines the observed variation in pial pressures is unknown.
Consequent publications emphasized the impor tance of the pial arteries in representing about one fourth of the total cerebrovascular resistance (Ro senblum and Commonwealth, 1977; Kontos et aI. , 1978) as well as their role in cerebral autoregulation (Mchedlishvili, 1980) . The arterial segments lying upstream and downstream from the site of pial pressure measurement were about equally respon sive to alterations in the systemic arterial pressure in both cats (Kontos et aI. , 1978) and rats (Harper et aI. , 1984) , as indicated by the linear dependence of pial artery pressure on the systemic arterial pres sure. The possibility of changes in pial pressure distribution as a function of changing mean pres sure drop across pial vessels has not been investi gated, however.
The pial arteries form a complex network on the brain surface (Mchedlishvili and Kuridze, 1984) . To understand the role of the pial arterial system in the distribution of pressure and flow to the brain cortex, the topology of branching and the geomet rical dimensions of the vessels must be described quantitatively. Simultaneous measurement of mi crovascular pressures in an adequately large number of vessels is difficult. Therefore, a mathe matical approach that can handle large, multivari able systems was selected to attack the problem. A similar approach was applied earlier by Fukasawa (1969) to the analysis of human arterial casts. In this article, a more extended mathematical treat ment of the topology and hemodynamics of the pial arterial system is presented. This includes the cal culation of intravascular pressures in the pial branches of the middle cerebral artery of normo tensive and spontaneously hypertensive rats as well as in various mathematical models based on the to pological and geometrical characteristics of the pial arterial system. The coefficient of variation of cal culated pial pressures is shown to depend on the mean pial pressure drop. The possibility of the ex istence of an optimum principle for the design of the pial arterial system from hemodynamic point of view is raised.
METHODS

Experimental procedures
Pial arteries with diameters >30 f.1m were selectively visualized by corrosion compound in four Wistar-Kyoto normotensive rats and in four spontaneously hyperten sive rats. Rats were used for this study because their pial arterial branches could be traced on the brain surface. Prior to injection of the corrosion compound, all animals were fixed with aldehydes in vivo. The procedure con sisted of inserting a cannula into the left ventricle of the heart, clipping the right atrium, and subsequently per fusing the animal with a normal saline solution containing 10 Ulml heparin and 0.1 % procain Hel. This was fol lowed by perfusion with a fixative solution containing 2% formaldehyde and 1% glutaraldehyde in 0.15 m Na-phos phate buffer (pH 7.4). Subsequently, the common carotid arteries were cannulated and Batson's No. 17 anatomical corrosion compound (Polysciences), diluted with 30-40% with glycolmethacrylate and containing dark blue dye, was injected into one of the carotid arteries until the compound appeared in the other carotid artery. The viscosity and the time of polymerization of the com pound was adjusted with some experimentation to obtain adequate but not excessive filling of the pial arteries. After a few hours of postfixation, the brains were care fully removed from the skull. They were photographed together with a millimeter scale for calibration. Exposi tions were made at different angles to eliminate curvature effects. The mean diameter of each arterial segment lying between successive branch points and the coordinates of the branch points in the territory of the middle cerebral artery were measured from projected images and en larged prints, respectively. The magnification was x 40 for the images and x 10 for the prints. The maximum spatial resolution of the measurement was 2.5 f.1m in di ameter and 1 f.1m in length. Finally, the cortical hemi spheres were dissected, and their net weight was mea sured.
Vascular topology
The vessels were classified into orders by two methods. The Horsfield order (Singhal et aI., 1973 ) of a vascular segment was determined in the following way (Lefevre et aI., 1982) . Using the terminology of graph theory, at first, one of the paths giving rise to the highest number of branches in the tree was found and was called the stem. The segments along the stem were numbered consecutively, starting with the main trunk, called the root, which had the Horsfield order of zero. The highest order obtained for the last segment was assigned to all terminal branches as their order. The remaining segments were then ordered backwards by decreasing integers until a segment that had been ordered previously was reached.
The branching pattern of one of the pial arterial trees of the present study with its Horsfield orders is shown in Fig. l.
Next, we determined the so-called Horsfield indices of the trees. In the Horsfield system, the orders of daughter vessels are always higher than that of the parent vessel. If the Horsfield order of the parent vessel is Ho, one of the descendent vessels will have, by definition, the order of Ho + 1. If the order of the other descendent is a unique function of the order of the parent vessel in the whole tree, the order of this descendent is called the Horsfield index at order Ho, and the tree is said to be consistent (Lefevre et aI., 1982) . A consistent tree is defined com pletely by its Horsfield indices. Because vascular trees are never perfectly consistent, mean Horsfield indices of the pial trees were determined by averaging the orders of the appropriate descendents for every parent vessel of the same order.
As an alternative, the method of Strahler was used to classify the arterial segments into orders (Strahler, 1957) .
In this system, all terminal (most distal) branches have the order of 1, and the orders increase from the distal to the proximal segments. At each bifurcation, the following rule is applied:
where So is the Strahler order of the parent vessel and So 1 and S02 are those of its two descendents. In contrast to the system of Horsfield orders, several segments in a string can have the same Strahler order. A series of con secutive segments of the same Strahler order are called a branch.
Hemodynamic calculations
From the measured geometrical data, the hydraulic re sistance of the vascular segments was calculated. Lam inar blood flow was assumed and the Fahraeus-Lindqvist phenomenon was accounted for using the following for mulae for calculating the resistance (R):
where TJ is the apparent viscosity of blood, a is the effec tive diameter of the erythrocyte, d is the vessel diameter, and L is the vessel length (Haynes, 1960) . Steady-state pressure distributions in the pial arterial trees were calculated at fixed input pressure (Po) and fixed total inflow (Fo) at the trunk. Proceeding centrifu gally, the pressure drop along each arterial segment was calculated from the flow and the hydraulic resistance of the segment. The flow in the parent vessel (F) was parti tioned at each bifurcation by applying the following gen eral rule:
where dl and d2 are the diameters of the daughter branches, n is a constant, and K is a scale factor which may be different for each bifurcation. The formula above 1987 follows from the observation of Fukasawa (1969) and Ko bari et al. (1984) , who have shown that the volume flow in each pial artery can be considered a power function of the vessel diameter with n being a constant for the whole pial tree.
The input parameters, Fo and Po were selected the fol lowing way. A reference value of 0.5 mllmin for Fo was based on the measured net weight of the cortical hemi spheres (0.54 ± 0.06 g) multiplied by the mean value of cerebrocortical blood fow in the rat (1.48 ± 0.29 ml/minl g; Furlow, 1982) and by the relative volume of the brain cortex supplied by the middle cerebral artery (60%; Hossmann and Schuier, 1980) . The same Fo was used for the normotensive and hypertensive animals (Fredriksson et aI., 1984) . As to the input pressure, 83 mm Hg for the normotensive rats and 110 mm Hg for the spontaneously hypertensive rats was used. These values were selected so that calculated pressures in the 67 to 73-fl,m vessels matched the following measured pial artery pressures; 60 ± 3 mm Hg in the Wistar-Kyoto rat and 83 ± 6 mm Hg in the spontaneously hypertensive rat (Werber and Heistad, 1984) . For two particular rats with relatively low number of branches and small vascular diameters, the Fo had to be lowered to about one-fifth of the reference value to derive a reasonable mean pial pressure at the above values of Po.
In addition to the calculation of pressure distribution in the pial arterial trees, the pressures were calculated in two types of tree models. Based on the average Horsfield indices, each pial tree was approximated by the topologi cally most similar consistent tree, called the Horsfield model. In Fig. I, the Horsfield model of the WI4L pial tree is shown as an example. Diameters and lengths of the arterial segments were averaged according to their Horsfield orders, and the corresponding hydraulic resis tances were calculated. The terminal pressures were de termined for each Horsfield model at various values of the exponent n, using similar methods to those described in the preceding paragraphs. For Po and Fo, identical values were used as previously.
The other type of models used in this study, called the Fibonacci models, form a subclass of consistent trees. Fibonaccian consistent trees (Lefevre et aI., 1982) are defined by their Horsfield indices Ho + k in any order Ho < nmax, where k is the memory number of the tree and nmax is the maximum number of segments along the stem (root excluded). If Strahler's system is used for a Fibonaccian tree, k is equal to the number of segments of the same Strahler order in a string. A series of such trees were generated by a computer algorithm in an attempt to match the number of branches in each Strahler order. Because in Fibonacci models the Horsfield indices were fixed, the Fibonacci models are more restricted than the Horsfield models. Figure 2 depicts six Fibonacci models with various values of nmax (14-16) and k (5-6) used in this study. Average diameters of the segments in various Total number of segments (TNS) increased with nmax and de creased with k. The W14L pial tree, shown previously, was approximated best in terms of its TNS by the Fibonacci model nmax = 14 and k = 6.
Horsfield orders were obtained from the following linear relationship fitted to the data in Fig. 3 .
where d is the vessel diameter (mm) in Horsfield order Ho. Because there was no correlation between the length of the vessels and the Horsfield order ( Fig. 3) , the lengths of all segments were made equal to 0.7 mm in the Fibo nacci models. A Fo of 0.5 ml/min and a Po of 95 mm Hg were used in these models.
RESULTS
Topology
Average Horsfield indices of the pial arterial trees are listed in Ta ble 1. Because only integer numbers could be accepted as orders, the average Horsfield indices were rounded to integers. There was no clear-cut correlation between the Horsfield index and the Horsfield order. The Horsfield in dices usually took the value of the highest four to five orders (corresponding to the small branches) and a few of the lower orders (large branches) of the trees. Otherwise, the dependence of Horsfield index on the Horsfield order seemed to be irregular, indicating significant randomness in the structure of the pial arterial trees. The highest Horsfield order, that is, the maximum number of segments along the stem excluding the root, varied between 16 and 33 and correlated with the total number of segments listed in Ta ble 1 (r = 0. 91, N = 8).
The number of branches in various Strahler orders were determined for each pial tree sepa rately and are listed in Ta ble 2. In Strahler's system, a branch may contain several segments in a string. When the logarithm of the number of branches was plotted against the Strahler order, straight lines were obtained in orders 1-3 ( Fig. 4 ). Because only one or two branches fell into orders 4 and 5, these points were not expected to fall on the straight lines precisely. The antilog of the slope of these lines, called the branching ratio (Barker et aI. , 1973) , was 4. 14 ± 0. 23 (SD) for the eight trees (range 3.83-4. 43); thus, in each Strahler order there were approximately four times as many branches than in the preceding order.
The mean diameter of the vessels in various Strahler orders were also determined. For the eight pial trees these were: 50 ± 12, 71 ± 19, 106 ± 22, 168 ± 22, and 191 ± 7 f.Lm in the orders 1-5, re spectively. Thus, the largest difference in vascular diameter was between the orders 3 and 4. In gen eral, arterial segments of order 4 formed the prox imal part of the stem, extending approximately to the center of the trees, where several major third order vessels were branching off.
. . . .
The dependence of mean vessel diam eter (top) and mean segment length (bottom) on the Horsfield order for four spontaneously hypertensive rat and fou r normotensive rat pial trees.
HORSFI EL D ORDER
Hemodynamics
The calculation of intravascular pressures was performed, at first, for the pial arterial trees. In Fig.  1 , calculated pressures in one of the pial trees are shown. Figure 5 is a combined scatter plot of calcu lated pial pressures for the four pial trees of normo tensive rats. A consistent reduction of pressure with vascular diameter was evident, although the rate of pressure drop was difficult to estimate due to the large spread of pressures in the 500 to 100j.Lm diameter range. This variation of pressures in the small vessels was significantly reduced in the corresponding Horsfield models of the pial trees (Fig. 5, bottom) . A different picture was obtained when the pial pressures were grouped according to Strahler orders. Figure 6 suggests that a pressure drop approximately twice as large occurred in the proximal orders 3 and 4 (roughly 100 to 200-j.Lm vessels) as in the distal orders 1 and 2 (roughly 50 to 100 j.Lm vessels) for the normotensive rats. Such a difference was not so clear for the spontaneously hypertensive rats, although an initial fast pressure drop in order 4 was obvious. Figure 7 shows frequency distribution histograms 
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of calculated pressures in the most distal branches (terminal pressures, in our terminology) of the eight pial trees. With 10-mm Hg intervals, most of the terminal pressures fell in the 50 to 60-mm Hg range in normotensive rats and between 60 and 80 mm Hg in spontaneously hypertensive rats. The distribu tion of terminal pressures was clearly more wide spread for the spontaneously hypertensive rats.
The average values of mean terminal pressure were 56.9 ± 1.7 mm Hg (SD) for the normotensive rats and 79.1 ± 9.1 mm Hg (SD) for the spontaneously hypertensive rats. For a more accurate comparison of the distribu tion width of pressures in various pial trees, the co efficient of variation of terminal pressures was evaluated. We investigated the relationship be tween the mean pressure drop from the root to the terminal branches and the coefficient of variation of terminal pressure. Figure 8 shows a linear depen dence of coefficient of variation on the mean pres sure drop for both normotensive rats and spontane ously hypertensive rats. These data were obtained by increasing the Fo and Po proportionally so that the mean terminal pressure was constant at varying Wl9L  SIOL  S20L  S21R  S22R   0  24  18  14  20  19  32  21  30  I  22  18  14  23  20  32  22  32  2  25  19  15  23  17  32  23  31  3  24  20  16  10  20  30  15  31  4  24  16  16  23  13  29  20  33  5  25  13  9  14  19  32  21  33  6  12  12  7  22  20  32  20  30  7  24  14  15  22  II  15  22  29  8  20  II  14  20  20  23  13  31  9  20  21  13  23  10  32  23  33  10  25  21  15  19  15  32  18  28  II  25  18  16  22  19  30  20  26  12  25  20  15  22  18  18  17  33  13  24  20  16  23  19  31  20  32  14  22  21  16  22  20  32  22  23  15  21  20  16  22  19  29  22  32  16  23  20  16  22  19  30  22  22  17  21  21  21  19  32  22  29  18  24  20  22  19  28  22  33  19  23  20  21  20  29  22  32  20  24  21  22  20  29  22  33  21  24  21  22  32  22  27  22  24  23  31  23  32  23  25  23  32  23  32  24  25  31  31  25  25  31  31  26  31  32  27  31  32  28  31  32  29  31  32  30  31  32  31  32  32  32  32  33  33  33 W, normotensive rat; S, spontaneously hypertensive rat; L, left hemisphere; R, right hemisphere, pressure drop, In this way, the coefficient of varia tion in terminal pressure was influenced by the variance of pressures only,
The most characteristic finding of this study was the consistent existence of a minimum of coeffi cient of variation in terminal pressure in function of the diameter exponent n (Fig. 9 ). The diameter ex- ponent corresponding to this minimum (the min imum diameter exponent) ranged from 1. 3 to 3.0, and in all but one case it was between 2. 0 and 3.0 ( Table 3 ). The minimum diameter exponent was in dependent of the mean pial pressure drop or the total flow ( Fig. 10 ). Ta ble 3 shows that the coeffi cient of variation in terminal pressure at its min imum was higher in all spontaneously hypertensive rats (10. 1-22. 9%) than in any normotensive rats (6.0-8.5%). The minimum diameter exponent was in most cases lower in the spontaneously hyperten sive rats (1. 3-2. 5) than in the nomotensive rats (2.5-3.0). Pial pressure calculations using the topologically consistent Horsfield models of the eight pial trees resulted in well-defined minimums of the coeffi cient of variation in terminal pressure in all cases (Fig. 11) . The main results obtained at the minimum of coefficient of variation in terminal pressure are listed in Ta ble 4. Te rminal pressures were slightly higher and showed significantly less variation than in the pial trees. The average values of mean ter- 
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minal pressure were 63.4 ± 2. 4 mm Hg (SD) in the normotensive and 73. 8 ± 10. 9 mm Hg (SD) in the spontaneously hypertensive rat models. No differ ence was found in the minimum diameter exponent between the normotensive and spontaneously hy pertensive rats, and the previous difference in coef ficient of variation in terminal pressure also disap peared. All minimum diameter exponent values fell in the relatively narrow range of 1. 9-2.4. Finally, the pressure-flow calculations were re peated for six Fibonacci models approximating the pial trees the best in terms of their branching ratio and the total number of segments. No distinction between normotensive rats and spontaneously hy pertensive rats was made in this case. The min imum of coefficient of variation in terminal pres sure was also invariably predicted by these models (Fig. 12 ). In Ta ble 5, the models were sorted by the number of branches contained, from which an in verse relationship between the coefficient of varia tion in terminal pressure and the number of branches was evident. For these models, the mean Table 2 ).
terminal pressure was in the same range as in the case of the pial trees, and averaged to 68. 2 ± 5.2 mm Hg (SD). The coefficient of variation in ter minal pressure was minimal when the diameter ex ponent n was between 1. 7 and 2. 1, slightly lower than in the case of the Horsfield models. One of the models (nmax = 15, k = 5) with a total number of segments (211) similar to that of the normotensive rats pial trees predicted very similar coefficient of variation in terminal pressure (7. 8%) to that of the normotensive rats pial trees.
DISCUSSION
The major findings of this study were: (a) The pial pressure drop was approximately twice as large in the proximal branching orders than in the distal orders in normotensive rats, (b) the coefficient of variation of terminal pressures had a minimum as a function of the diameter exponent and was in fluenced by the mean pressure drop, (c) the normo tensive rat and spontaneoulsy hypertensive rat pial Scale of the ordinate is different for the two groups.
arterial trees were different in terms of their coeffi cient of variation of terminal pressure and their di ameter exponent corresponding to the minimum of coefficient of variation of terminal pressure. Various factors that might have influenced these re sults as well as the physiological significance of the findings are discussed below.
Experimental and computational methods
Morphometric measurements on vascular casts are subject to known errors associated with appli cation of corrosion compounds. Although the vessels were prefixed at physiological pressures, slight dimensional changes following polymeriza tion of the injected material are unavoidable. Be cause shrinkage is usually more or less uniform, the ratio of vascular diameters is influenced probably to a lesser extent. In this study, the distal pial pres sures could be adjusted by the total flow in each tree; thus, the absolute value of the diameters was less important. Problems associated with nonper fect filling of the vasculature by the corrosion com pound appeared to exist in two cases (WI4L and SI0L), in which the total number of branches was low and the total flow had to be lowered to appro xi-J Cereb Blood Flow Metab. Vol. 7. No.3. 1987 mately one-fifth of the value used for the other trees to obtain reasonable pial pressures. In spite of this, the results of hemodynamic calculations for these two pial trees were consistent with those for the others. The total flow estimated from the average cerebral blood flow and the net weight of the cortex resulted in reasonable pressure values in six of the eight cases, suggesting that the hydraulic resistance of these pial systems calculated from morphometrically determined vascular diameters and lengths were close to their physiological value.
To keep the size of the model and the number of equations adequately small, the polygonal anasto mosing network of small pial arteries (Bar, 1981) was not represented in the present study. The pres ence of fine pial anastomoses between the branches of the same cerebral artery might have resulted in lower values for the coefficient of variation of ter minal pressure than those calculated here in conse quence of their possible pressure equilibrating role. The functional significance of pial anastomosing microcircles increases, however, with phylogenic development (Mchedlishvili and Kuridze, 1984) ; thus, they may not be as important in the rat as in higher mammals. Another neglected factor that may have influenced the pial pressure distribution was the geometry of arterial bifurcations. The intra vascular pressure may drop at a constricted en trance of a small vessel branching off at nearly a right angle (Rosenblum and Commonwealth, 1977) . Although such effects were beyond the scope of the present study, in the future the calculations can be easily extended to account for special vascular ge ometry as well as for active vascular responses.
Mean and variance of pial arterial pressures
Werber and Heistad (1984) measured intravas cular pressures in 70 ± 3-/-Lm pial arteries in Wistar-Kyoto normotensive and spontaneously hy pertensive rats, obtaining mean values of 60 ± 3 and 83 ± 6 mm Hg, respectively. With input pres sures of 83 mm Hg for the normotensive rats and 110 mm Hg for the spontaneously hypertensive rats in the present study, pial artery pressures in the 67to 73-/-Lm diameter range were calculated as 59.5 ± 5.1 mm Hg and 85.9 ± 6.7 mm Hg, respectively, which agreed well with the measured values. Thus, the mean pressure drop in the pial arteries was 25-30 mm Hg in our study. Unfortunately, no ex perimental data are presently available for the pial pressure drop in rats. In general, the relative pres sure drop in the pial arteries is �25% of the aortic pressure (Rosenblum and Commonwealth, 1977; Kontos et aI., 1978) , which coincides with our data at normal systemic pressure. In addition, the pres- and spontaneously hypertensive rat (bottom). Data were calculated at corre sponding minimum diameter exponent (see Fig. 9 ) and at approximately constant mean terminal pressure.
MEAN PRESSURE DROP (mm Hg )
sure drop was approximately twice as large in the proximal than in the distal orders in the normoten sive rats in this study. This agrees with the findings of Fukasawa (1969) who found that the arteries on the human brain surface are relatively long and therefore the pressure drop in them is quite signifi cant.
As to the coefficient of variation of pial arterial pressures, we could compare our results with those measured in cats only. From the pial pressure data of Shapiro et al. (1971) , the coefficient of variation of pressures in the smallest pial arteries of � 30-lLm diameter was � lO%-quite close to our calculated coefficient of variation of terminal pressure. Based on Kontos's data, an average coefficient of varia tion of 20% was calculated. Systemic arterial pres sure varied in a wide range in that study, however, which made this comparison difficult. In addition, the species differences may have contributed to the deviation between their data and ours. For ex ample, the range of pial arterial diameters in the rat are small as compared with those of the cat, which results in vascular functional differences (Harper et aI., 1984) .
Several authors found linear relationship be tween pial and systemic arterial pressures (Strom berg and Fox, 1972; Kontos et aI., 1978; Harper et aI., 1984) . The vertebral-pial pressure difference was also a strong function of the systemic pressure (Kontos et aI., 1978) . According to our results, this physiological variation in the mean pial pressure drop was an important determinant of the coeffi cient of variation of terminal pressure. Although this could be expected speculatively, the phenom enon has not been investigated. In the present study, the coefficient of variation of terminal pres sure was directly proportional to the mean pial pressure drop and, by definition, inversely propor tional to the mean terminal pressure. From this, it follows that any redistribution of cerebrovascular resistance between the pial and intracerebral seg ments will alter the dispersion of pressures as mea sured by the coefficient of variation of terminal pressure. Despite the differences in other parameters of the pial trees, the coefficient of variation in terminal pressure had a minimum value as a function of the 4 diameter exponent in each case studied. The loca tion of the minimum, the minimum diameter expo nent, was constant for a given vascular system. Di ameter exponents contained by the power law of flow partitioning at bifurcations in the cerebral cir- Table 4 .
DIAMETER EXPONENT culation were determined by Fukasawa (1969) and Kobari et al. (1984) . Based on the mathematical analysis of human arterial casts, Fukasawa ob tained a value of 2.7 for the diameter exponent. Kobari determined this parameter in vivo by simul taneous measurement of pial arterial diameter and blood flow velocity in cats and obtained a value of 2.98 for a wide range of vascular diameters. Whether these values represent a minimum value in terms of the coefficient of variation of pial pres sures is not known. Nevertheless, the minimum di ameter exponent values (2.5-3.0) obtained in our study for the normotensive rat are close to those of the aforementioned studies despite obvious meth odological and species differences. Chronic hypertension apparently resulted in a lower minimum diameter exponent. This difference between normotensive rats and spontaneously hy pertensive rats was not due to differences in vas cular filling, since there was no correlation between the coefficient of variation in terminal pressure and the total number of branches in the pial arterial trees. Whether a difference in the diameter of pial arteries between the normotensive and hyperten sive animals as found by others (Hodde et aI., 1984) could contribute to a lower minimum exponent in the spontaneously hypertensive rat than in the nor motensive rat could not be decided in this study due to the relatively large variance in the diameters of vessels of the same order. The coefficients of Minimum of the curves is shallow but consistent; corre sponding values are given in Table 5 .
variation of terminal pressures were compared be tween the normotensive and spontaneously hyper tensive rat groups at the minimum diameter expo nent. We had no proof to assume that pial arterial systems operate always at their minimum diameter exponent in vivo, since (a) the most uniform pres sure distribution may not be a constant physiolog ical requirement, and (b) physiological changes in the terminal (mainly intracortical) resistances may modify the partitioning of blood flow at the bifurca tions according to local metabolic needs of the ce rebral tissue. Furthermore, how vascular adapta tion in the spontaneously hypertensive rats influ ences the pressure and flow distributions in vivo has not been firmly established. What can be con cluded is that unless active vascular adjustments modify the pressure distribution, the spontaneously hypertensive rat is predestined by its pial arterial structure to a more heterogeneous terminal pres sure distribution than is the normotensive rat.
Additional information from topological models
The meaning of the results regarding the terminal pressure distribution was analyzed further by appli cation of two types of mathematical models of the pial arterial system. Both the Horsfield model and the Fibonacci model verified the existence of the minimum diameter exponent. There were also dif ferences in their predictions for the pressure distri bution. For example, in the Horsfield models, the dependence of the coefficient of variation of ter minal pressure on the diameter exponent was steep in the neighborhood of the minimum, whereas it was shallow in the Fibonacci models. Future studies should focus on this question, since the shape of the coefficient of variation-diameter ex ponent curve may be important with regard to he modynamic adaptation when a change in parti tioning of flow at the bifurcations occurs.
The Horsfield models predicted significantly less variance in both the coefficient of variation of ter minal pressure and the minimum diameter expo nent compared to that obtained in case of the pial trees directly. This was understandable since the model contained less random features than the pial arterial trees. By definition, the Horsfield models represented the topology and geometry of the large pial branches with high precision, but they were not too accurate with regard to the number of small branches. For example, the total number of seg ments was significantly overestimated by these models in three of the spontaneously hypertensive rat pial trees. On the other hand, the Fibonacci models represented the number of branches in various orders more accurately than did the Hors field models, and they predicted more reasonable values for the coefficient of variation of terminal pressure. From this, we infer that the major frac tion of the variance in terminal pressures was pro duced in the small pial arterial branches (40-to 60-f.,Lm diameter). Large deviations in the number of segments may also explain why the Horsfield models failed to reproduce differences in the min imum diameter exponent and the coefficient of variation in terminal pressure between the normo tensive and the spontaneously hypertensive rat pial trees.
It is likely, therefore, that cerebral arterial pres sure drops significantly in the proximal pial branching orders, whereas dispersion of pial pres sures occurs mainly in the distal orders. The dis persion of pressures has a minimum determined by the vascular structure; it is influenced by the seg mental distribution of cerebrovascular resistance, and is increased in chronic hypertension.
